Early angiosperms were minimally woody; increase in woodiness and changes in wood histology yielded trees, lianas, and shrubs in various clades. Many eudicot herbs have been derived from variously woody ancestors. Some of those derivatives have, at various stages, evolved secondary woodiness to various degrees. Categories of information by which we can trace these progressions are presented: length-on-age curves for vessel elements, perforation plate morphology, ray histology, DNA-based phylogenies, geological and ecological factors, dispersal capabilities, and speciation ability. Trajectories that angiosperms have followed are analyzed in terms of growth forms: sympodial habits, cane shrubs, lianas, trees, various herb-related forms, stem succulents, and plants with successive cambia. Phylogenetic modalities that are related to degree of woodiness are discussed: retention of and departure from juvenile wood features in basal angiosperms, overlay effects (additive or modifying effects of factors on woodiness), character independence and interdependence, and degrees and types of transitions between more woodiness and less woodiness. Production of procumbent ray cells (which excel at radial conduction) is the result of not just subdivision of ray initials but also infrequent tangential divisions in ray initial derivatives. In juvenilistic woods, this process runs in parallel with shortening of fusiform cambial initials, but in woodier species, fusiform cambial initials become longer over time whereas ray initials become vertically shorter. Examples and original information on eudicot woods are mostly from orders and families of the campanulid clade. Juvenile features are multiple, with each capable of being retained, modified, or lost independently. This article takes the form of an eclectic essay that includes original data and observations, hypotheses, and critiques as well as presenting questions and syntheses, and it supplements previous articles by the author.
Introduction
The success of angiosperms is related more to xylem and its physiological capabilities than to any other features except brevity of the angiosperm life cycle. Key to the importance of xylem is the ability to shift degree of woodiness and to change habit and cambial characteristics (Carlquist 2009 ) and thereby to access juvenile and adult characteristics to various degrees. Details of these processes and their products, however, have not been appreciated; therefore, analysis of the anatomical details has been delayed.
The universal premise for natural systems of the angiosperms-from the Englerian system (Eichler 1875) to Bessey (1915) to Takhtajan (1987) -was that woodiness was ancestral in angiosperms and gradually gave rise to shrubby and herbaceous lines. This assumption went unchallenged until the advent of the paleoherb hypothesis, foreshadowed by the work of Burger (1977 Burger ( , 1981 but stated definitively and in detail by Taylor and Hickey (1996) . There was paleobotanical evidence for this hypothesis (Wheeler et al. 1987; Wing and Tiffney 1987a, 1987b; Herendeen 1991) , but acceptance of this idea 1 E-mail: s.carlquist@verizon.net. was accelerated by the DNA-based global phylogenetic trees (Chase et al. 1993; Soltis et al. 2000 Soltis et al. , 2011 . These phylogenetic trees pointed prominently to minimally woody groups-such as Nymphaeaceae, Amborellaceae, and Chloranthaceae-as early in angiosperms. Woodier basal angiosperms such as magnoliids have been derived from them, with attendant changes in wood (Carlquist 2009 ). The great degree of probability of correctness of the multigene phylogenetic trees has led to acceptance of these ideas.
Thus, trees are, in this perspective, innovational rather than relictual monopodial growth forms that have evolved in numerous angiosperm clades; sympodial growth forms appear to be basic (Carlquist 2009 ). The woods of basal angiosperms show more histological juvenilism as well as other features that are unlikely to have been apomorphic conditions. Angiosperms as a whole can all be ranked along a continuum from permanent juvenilism to accelerated adulthood. Changes in the cambium (recorded in the form of durable sequentially produced cells) form a tool for analyzing the degree and kinds of juvenilism or adulthood. These are correlated with an increase in woodiness and a decrease in woodiness-changes that are not unidirectional, nor do they conform to a single trajectory (wood of tree cacti is not like wood of Dendrosenecio, although both are about equally woody). What are the various tools we can use for analyzing changes in woodiness? Do they Length-on-age curves for vessel elements of basal angiosperms: Hedyosmum bonplandianum (Chloranthaceae), Kadsura scandens (Schisandraceae/Illiciaceae), and Macropiper excelsum (Piperaceae). For methods used, see "Material and Methods." Radial measurement (R) of radial sections studied is given instead of age, which cannot be measured because of faintness or absence of growth rings. PX p primary xylem; SX p secondary xylem.
Fig. 1
Length-on-age curves for vessel elements and fiber-tracheids of Carya ovata (Mill.) Koch and Liriodendron tulipifera L. Redrawn from Bailey and Tupper (1918) . PX p primary xylem; SX p secondary xylem. Abscissa p years; about 30 yr are shown.
show us directions of woodiness as well as degree of woodiness? What are the physiological and ecological regimens associated with increased or decreased woodiness? Can we distinguish primary woodiness (e.g., Hamamelis) from secondary woodiness (tree lobelioids)? What criteria and causations should we be considering? Do particular types of wood restrict the evolutionary radiation of a group, or do woods evolve along with new strategies of ecological occupancy?
Many of these questions have not been asked-and thus not answered-because they require synthesis rather than study of one field. We cannot understand secondary woodiness without understanding molecular-based phylogeny, geology, dispersal, ecology, wood physiology, and wood anatomy (and other sources of information). This essay attempts such synthesizing as well as adding information necessary for understanding the plants and characters involved. Previous ideas about heterochrony (Olson 2007; Carlquist 2009 ) are extended rather than repeated. Instead of closing an area of inquiry, this essay attempts to open it. There are probably many length-on-age curves for vessel elements (and other cell types), as figures 1-7 show us, but very few have hitherto been published. There may be no simple basic patterns to which every plant can be referred, and that gives us hints about the adaptations of individual species. Each source of information, however (even molecular-based phylogenies), has its limitations. The synthesis ultimately is the informing agent. Examples are offered here not as a way of proving generalizations but as a way of reifying and illuminating concepts proposed.
Terminology and Evolutionary Concepts of Juvenilism
Evolution does not respect glossaries; it frequently transcends definitions and eludes definers. There are a series of terms that have accumulated to denote juvenile versus adult appearances and their onset. Offering such definitions is easier applying them to the various manifestations presented by actual plants and animals.
"Ontogeny recapitulates phylogeny." The famous Haeckelian phrase is, of course, a misstatement. The correct statement should be: later stages in embryo ontogeny can be modified (to produce evolutionary diversification) with fewer lethal effects than can earlier stages in development. Thus, in humans, origin of five digits is a characteristic manifested earlier in human embryology than ear lobe formation, and presence or absence of ear lobes does not affect human function to any appreciable degree, but lack of a thumb does. De Beer (1930) used Haeckelian observations when he noticed that some juvenile traits can be present in an individual capable of sexual reproduction, a phenomenon he termed "paedomorphosis." Juvenile traits can be present in some animals and absent in others during progression from embryo to sexual maturity. I transferred the term to the study of wood development (Carlquist 1962) , denoting that some plants at the time of flowering still have juvenile wood characteristics. The ideas that plants differ in the degree of wood juvenilism and that this dimension had not been taken into account (and still is not, where glossaries are concerned) were novel when I proposed them in 1962. The adaptive nature of prolonging or foreshortening the juvenile period is still being investigated and considered in woods (as it is in other plant aspects), and hypotheses relative to this are offered below. My importation of the term "paedomorphosis" into the study of wood anatomy has led to application of other zoology-based terms relating to heterochrony (e.g., neoteny, progenesis) to plant phenomena. Consistency in term application here has not yet been achieved, and some may question whether a term applied to animals (which have a closed system of growth) can justifiably be applied to plants (which have an open system of growth). Therefore, I am using the polar terms "juvenile" and "adult" as relative with respect to character expression and "permanently juvenile" and "accelerated adulthood" as polar extremes. In this framework, "protracted juvenilism" denotes a degree of 966 intermediacy. More plants than had originally been included in my 1962 account exemplify degrees of juvenilism, necessitating an essay discussing the range of this phenomenon (Carlquist 2009) . Even monocots, which have procambium and vascular bundles but never develop cambia, can be incorporated into this gamut as permanently juvenile (and aquatic monocots that lack metaxylem represent a further excursion into loss of later-formed structure).
INTERNATIONAL JOURNAL OF PLANT SCIENCES
Terms such as "herb," "tree," or "succulent" are all relative and must be valued for the contrasts they illuminate rather than for any categorical value they provide. There is no avoiding these well-worn terms. "Minimal woodiness" is an example of another kind of relative term used here. If, as seems probable, the earliest angiosperms did have some wood, there is no term here for that degree of woodiness, because it is manifested in various ways, and we do not know exactly how woody or nonwoody the "paleoherbs" were. The woodiness that resulted from radiation of eudicot and basal angiosperms connotes "primary woodiness," a term that is, in fact, not used much here, because calling a tree or shrub of Cornus or Ulmus "primarily woody" seems inadvisable ("Aren't they just woody?"). "Typically woody" has been used in earlier literature as a way of designating these plants. The assumption is made that some degree of decrease in woodiness-and certainly not a reduction all the way to a rosette herb, although they are certainly included-has occurred during phylesis of many clades. If there are good indications that less woody plants are ancestral to particular species with appreciable woodiness (e.g., the tree lobelioids and woody Asteraceae of Hawaii), then "secondary woodiness" can apply. These terms must be applied tentatively and may be indicative of degrees rather than categories. 
Material and Methods

Collections Studied and Binomials Cited
Microtechnique
To obtain vessel element lengths, ideally macerations should be used. However, because sequences of changes in length are sought, only carefully excised sequential slices of secondary xylem would be suitable, and these have their disadvantages. Changes in vessel element length are sometimes most pronounced very close to the pith. Instead, I have derived mea- surements from radial sections of multiple slides, since I make slides in sets. Most of the species studied have vessel elements in which tips can easily be seen in sections. The averages for a given site at a known distance from the pith are recorded as points on a graph line (figs. 1-8). More exact methods are offered by Olson (2007) and Dulin and Kirchoff (2010) .
Ray cell shapes were determined from radial sections made with a sliding microtome, with care to find multiseriate ray portions and distinguish them from uniseriate rays and from tips of multiseriate rays. Once one has seen ray cell shape in radial sections in a particular species, ray cell shape as seen in transections and tangential sections may be used as proxies.
Perforation plate morphology was derived from radial sections. These sections were imaged with either LM or SEM, according to the usual techniques.
Features Related to Kind and Degree of Woodiness
Vessel Element Length
Why vessel element length? Little attention was paid to the significance of vessel element length before the landmark article by Bailey and Tupper (1918) . Although no particular phylogenetic schemes are cited in that article, Bailey and Tupper clearly had the idea that longer tracheary elements are indicative of more primitive secondary xylem. In turn, the length of both vessel elements and imperforate tracheary elements is related to length of fusiform cambial initials. Imperforate tracheary elements undergo various degrees of intrusive growth between derivation from fusiform cambial initials and maturation. Vessel elements undergo little or no intrusive growth and are thus reliable indicators of changes in length of fusiform cambial initials during the growth of the plant. In the graph from Bailey and Tupper (1918) , reproduced in part here as figure 1, we see changes in terms of vessel elements and imperforate tracheary elements in two woody species of angiosperms, Liriodendron tulipifera and Carya ovata.
What does the woody tree curve mean? The left edge of the graph in figure 1 (and in figs. 2-7) represents the pith; the pair of vertical lines delimits the primary xylem, and to the right of that is the secondary xylem. In figures 1-7, the length of the curve has been standardized, with the actual stem radius studied denoted by R. There is generally a marked decrease in element length as one goes from protoxylem to metaxylem. The shortening of tracheary elements with progression from protoxylem to metaxylem indicates the progressive subdivision of procambial cells. This sets the baseline for length of fusiform cambial initials (and their mature derivatives) as the vascular cambium is established. As imperforate tracheary elements are derived from the cambium, they become intrusive; thus, mature tracheids, fiber-tracheids, and libriform fibers are longer than the vessel elements they accompany. Vessel elements are relatively short in comparison and undergo little or no intrusive growth as they mature. The value of shorter vessel elements may be that they minimize the amount of the conductive system disabled if air embolisms occur, in contrast to longer vessel elements; air embolisms quickly expand to fill a vessel element but tend to stop at the end of each element (Slatyer 1967; Sperry 1986; Carlquist 1988 Carlquist , 2012 . Longer vessel elements have the value of lowered impedance in species with scalariform perforation plates (Christman and Sperry 2010) , just as longer tracheids do (Veres 1990) . Once simple perforation plates have evolved, vessel element length may play a less important role in conductive processes than vessel diameter or other mechanisms (helical thickenings); not all characters are of equal value to the conductive process in all plants.
Why the sudden uptick for element length in woody species? The curves of figure 1 (as well as others presented in Bailey and Tupper 1918) show an increase in both vessel element length and imperforate tracheary element length soon after production of secondary xylem begins. These curves reach a plateau after the first few years. Why the uptick, then the plateau? As suggested above, this may represent a trade-off between conductive efficiency (wider vessels are produced as secondary growth proceeds), conductive safety (shorter and narrower vessel elements confine air embolisms better), and 968 INTERNATIONAL JOURNAL OF PLANT SCIENCES mechanical strength (longer fiber-like cells are stronger because they have more surface area to bond with other such cells; Wellwood 1962) . Longer (and wider) vessel elements have the advantage of more conductive efficiency as a result of lowered friction (Carlquist 2012) . In woody species, the trend is away from safety but toward increased mechanical strength and conductive efficiency over time. The selective value of shorter vessel elements may be more difficult to discern, but shortening of vessel elements phyletically is a genuine phenomenon (Carlquist 1966; Carlquist and Hoekman 1985) . Localization of air embolisms after freezing may be a possible explanation (Sperry 1986) , and the shorter the vessel elements, the more numerous per unit vessel length are the pocket-like tails that retain water during the embolism process, perhaps aiding air resorption. One can object that increased intrusiveness of fibers as compared with length of fusiform cambial initials (the length of vessel elements a proxy for the latter) can achieve increased mechanical strength (F/V ratio is used to denote difference in length between fibrous elements and vessel elements and, thus, degree of intrusiveness). A high F/V ratio may be an apomorphy not achieved by all clades, however; low F/V ratios seem to characterize "primitive" woods (Carlquist 2012) . This explains the difference in levels between the L. tulipifera curve (low F/V ratio) and the C. ovata curve (higher F/V ratio). Enhanced mechanical strength can also be achieved by increased wall thickness of libriform fibers as well as greater thickness of lignified walls in other cell types, such as rays.
Juvenilism in secondary xylem. The essential trope of the Bailey and Tupper (1918) study-as well as the Frost (1930a Frost ( , 1930b Frost ( , 1931 and Kribs (1935 Kribs ( , 1937 follow-ups-was an understanding of secondary xylem not in angiosperms as a whole but in woody ones, primarily trees. This bias originated from the fact that forestry schools were the centers of research on wood anatomy. When nontree species were studied, different patterns emerged. This resulted in my article on wood paedomorphosis (Carlquist 1962 fig. 6 ).
Why the descending curve, and how widespread is it? In ontogenetic terms, the descending length-on-age curves indicate that subdivision of fusiform cambial initials continues to take place after the metaxylem is formed; in that sense, it is similar to a prolonged metaxylem, hence the term "paedomorphosis" (which also denotes that plants can flower while producing such juvenile wood). In adaptational or functional terms, shortening of vessel elements would tend to favor increased conductive safety (as discussed above) but would also indicate less selection for longer imperforate tracheary elements that would confer mechanical strength. Interestingly, most "less woody" species that have the paedomorphosis curve also have thin-walled imperforate tracheary elements (mostly libriform fibers). However, each species has its own hydraulic and mechanical characteristics, and this essay intends to widen interpretations rather than to put plants into mutually exclusive categories.
1. Paleoherbs. As mentioned in "Introduction," we now find that evidence favors the origin of angiosperms as a minimally woody group (that nevertheless did probably have a vascular cambium). The "paleoherbs" (sensu Taylor and Hickey 1996) frequently have descending curves, such as those shown in figure 2 for Chloranthaceae and Piperaceae.
2. Clades that have acquired "adult wood." The breakthrough into greater woodiness was made by trees and shrubs in various phylads (Carlquist 2009 ), ranging from Illiciaceae and the magnoliids (Liriodendron) to various eudicot orders (early-departing orders in the campanulids; fig. 15 ). These groups have the uptick in length-on-age curves, as shown in figure 1 and also for the tree Oreopanax xalapensis in figure 3.
3. Clades in which degree of woodiness has lessened. If there is phylogenetic change toward less woodiness, that should be indicated in a change from ascending curves to descending curves. That is shown in figure 3 for Peucedanum and Foeniculum. According to molecular-based phylogenetic trees, these genera of nonwoody Apiaceae (Araliales) are derived from (nested within) woody araliads, such as Oreopanax (see fig. 15 ).
4. Herbaceous clades with production of increased woodiness: "secondary woodiness." Depending on the degree and kind of woodiness, there should be length-on-age curves different from "herb" curves. This is shown in lobelioids ( fig. 5 ) and composites ( fig. 6 ). The ones illustrated in figures 5 and 6 are thought to be secondarily woody (they are all insular species, but other circumstances also lead to this interpretation).
CARLQUIST-MORE WOODINESS/LESS WOODINESS 969 5. Various directions and trajectories. The Caprifoliaceae of figure 4 qualify for this description. They are neither trees nor ordinary shrubs (detailed descriptions below). The fact that there are differences among the length-on-age curves for the species, in fact, can be related to particular growth forms for the species illustrated and will be discussed below. Woods with storied structure appear to have shorter vessel elements and, therefore, age-on-length curves lower than would otherwise be expected. This applies to Macropiper (fig. 2) .
6. Successive cambial growth. The graph of figure 7 presents vessel element length and associated features for a plant with successive cambia, Phytolacca dioica. The secondary xylem of the first vascular increment (psecondary xylem ϩ secondary phloem) is derived from a vascular cambium that has its source in procambium and is thus similar to the cambium in singlecambium plants. The subsequent vascular increments, however, have a different origin. They arise (indirectly) from a master cambium that develops from divisions in cortical parenchyma (Carlquist 2007b) and is a semipermanent feature (that becomes dormant frequently, however). 
Perforation Plates
Relevance to wood ontogeny. Perforation plates might seem unrelated to direction and degree of woodiness. In fact, the occurrence of perforation plate types is a clue to direction and degree of evolution of woodiness.
Basal angiosperms as a baseline. Many basal angiosperm groups have scalariform perforation plates. There are some notable exceptions (Calycanthaceae, Piperaceae). The perforation plates of Chloranthaceae ( fig. 8B-8F ) are probably indicative of the perforation plates of early angiosperms: scalariform with numerous bars, the perforations often with pit membrane remnants that are not swept away by the conductive stream during element maturation ( fig. 8C-8E ). These remnants may be so extensive that the vessel elements become "neotracheids," which may possibly be a step toward secondary vessellessness, as in Winteraceae. In most cases, however, there is ontogenetic and phylogenetic simplification of perforation plates. Lateral wall pitting of vessel elements is similar to perforation plates and may form transitions rather than clearly defined zones ( fig. 8F ). These features serve as a baseline that can be used for comparisons to apomorphic character states.
Apomorphies in perforation plates of basal angiosperms. The family Schisandraceae (recently including Illiciaceae) belongs in Austrobaileyales, an early-departing branch of basal angiosperms (Soltis et al. 2000 (Soltis et al. , 2011 . The earliest formed wood of Kadsura (Schisandraceae s.s.) consists of narrow vessels ( fig. 9A ) plus tracheids that offer mechanical strength (young stems of lianas are self-supporting). These narrow vessels have scalariform perforation plates ( fig. 9D, arrow) . Laterformed secondary xylem contains wide vessels with simple perforation plates ( fig. 9B, 9C ). This parallels a progression to a more "adult" character state expression, also reflected in the length-on-age curve for Kadsura ( fig. 2 ). Scalariform perforation plates offer both impedance (Christman and Sperry 2010) and also safety (Sperry 1986 ). The idea that in early angiosperms, scalariform perforation plates did not offer much of an advantage (Hacke et al. 2007 ) may be flawed (Carlquist 2012) because ideally one would want to compare a given transectional area of tracheids with the same area of an allvessel wood. However, there is no all-vessel wood, so equivalencies are not available. Angiosperms with scalariform perforation plates may have a formula that works best in mesic localities because of the safety/conductive efficiency trade-off, but Kadsura shows some of many adaptations that seem to transcend any such limitation.
Perforation plates in groups with "primary woodiness." In figure 15 , a phylogenetic tree of the campanulid clade (asterid II of some authors), a gray line shows the approximate demarcation between groups that have scalariform perforation plates and those that have simple plates. In some of these families, perforation plates are always scalariform. In others, there are changes between early-formed secondary xylem and later-formed wood. A minimal change occurs in stems of the genus Abelia of the campanulid family Caprifoliaceae ( fig.  11A-11C ). To be sure, these differences are minimal compared with those of Kadsura. However, there is a perceptible widening of the perforations in Abelia, with an attendant reduction in the number of bars per plate.
Scalariform then simple perforation plates in "primarily woody" angiosperms. The gray line in figure 15 demarcates woods that have scalariform perforation plates from those that have simple ones, but transitions do occur. These transitions are not merely phylogenetic; they are ontogenetic as well. This can be seen in a radial section of wood of Lonicera involucrata ( fig. 10E ). One can also see this sequence in Lonicera hildebrandtiana ( fig. 10D, 10E ) and in Symphoricarpos albus ( fig.  10I-10K ). Intermediate perforation plates can be found in these sequences; these have fewer bars and incomplete bars. Such sequences have been reported for Crossosoma (Carlquist 2007c) as well as Eucommia and some species of Araliaceae (Carlquist 2009) .
Why the change in perforation plate morphology? Resorting to purely formal terms, Bailey (1944) thought that the instances just described constitute a "refuge" of more primitive conditions in the primary xylem and early secondary xylem. If we update this condition with physiological findings in mind, we can speculate that earlier-formed vessel elements favor greater conductive safety (confinement of air bubbles to individual vessel elements because the scalariform perforation plates serve as barriers to bubble expansion under some circumstances; Sperry 1986), whereas simple perforation plates formed in the remainder of the wood confer greater conductive efficiency. Earlier-formed vessels in a stem are usually narrower (Aloni 1987) , and narrower vessels resist embolism better than wide ones (Hargrave et al. 1994) Toward herbhood? Reduction in woodiness usually does not follow the Lonicera or Symphoricarpos sequence, and only simple perforation plates are formed. Sambucus of Caprifoliaceae has simple perforation plates almost exclusively ( fig.  11I ), but near the pith, occasional scalariform perforation plates can be found in some species. Sambucus has welldemarcated growth rings, and occasionally a few bars per per- foration plate can be found in narrow latewood vessels ( fig.  11H ). Genetic information for scalariform perforation plates has thus been almost entirely expunged or suppressed. In almost all "herbs"-such as those in Asteraceae, Boraginaceae, and Brassicaceae-the genetic information for scalariform perforation plates is absent or else not expressed. In another of the campanulid clades, Araliaceae often have scalariform perforation plates mixed with simple plates (Metcalfe and Chalk 1950; Rodriguez 1957) , whereas in the large family nested within Araliaceae ( fig. 15 ), Apiaceae, scalariform perforation plates are extremely rare (Solereder 1906) . Perforation plate morphology has become of minimal importance in primarily herbaceous groups, such as Apiaceae, compared with the action of root pressure and axial parenchyma in countering embolism formation (Braun 1983; Holbrook et al. 2002) . Thus, scalariform perforation plates are not re-evolved in clades that have lost this feature.
Perforation plates and secondary woodiness. Aberrant perforation plates with some features of scalariform perforation plates can be found in woods that, judged by various criteria, are secondarily woody. A range of perforation plates with various numbers of bars or other variations can be found in lobelioids ( fig. 12D-12G ). Woody species of Mimulus (Phrymaceae) that have abnormal perforation plates are also illustrated here ( fig. 12H ). Perforation plates with variously oriented or curved bars have been reported in cichorioid Asteraceae (Carlquist 1961) . Meylan and Butterfield (1978) figured many-barred perforation plates in Vitex (Verbenaceae), but the bars run vertically, not horizontally. Meylan and Butterfield (1978) also illustrated a vessel end wall in Brachyglottis (Asteraceae) in which there is a simple perforation plate facing a scalariform perforation plate. More examples could doubtless be cited. These examples suggest that genetic information for scalariform perforation plate formation may be lost or suppressed to various extents.
An important feature of such abnormal perforation plates in putatively secondarily woody eudicots is that, where present, they are few in number and are intermixed with a preponderance of simple perforation plates. Moreover, abnormal plates in these woods are scattered throughout secondary xylem, not clustered near or in the primary xylem, as they are in the Caprifoliaceae cited above. Thus, paedomorphic woods can be separated from woods with a "refuge" pattern of scalariform perforation plates.
Juvenilistic and Nonjuvenilistic Rays
Ray ontogeny: a decisive feature. Ray histology was one of the original criteria for recognition of paedomorphosis in angiosperm woods (Carlquist 1962 ). Kribs's (1935) categories for ray types did not include rays that had upright cells exclusively or predominantly, so that typology had to be modified to take into account these types of rays with protracted or permanent juvenilism (Carlquist 1988 (Carlquist , 2001 ). In woody angiosperms, rays often begin with upright cells, but as growth continues, procumbent cells appear in the central portions of multiseriate rays in most species (figs. 9C, 9E, 11E, 11F, 11I). This is true of woody ("primary woodiness") species, but the Kribs (1935) survey did not include relatively nonwoody plants (annuals, caudex perennials, "woody herbs," rosette shrubs) and focused instead on trees, a by-product of the forestry bias prevalent in studies of secondary xylem at that time. When less woody groups of plants were studied (e.g., Asteraceae; Carlquist 1966), the occurrence of juvenile (paedomorphic) features, such as predominance of upright ray cells, became clearly evident. "Adult" ray configuration simply does not exist in many groups. Ray juvenilism (predominance or exclusive presence of upright ray cells) has been considered an indicator of secondary woodiness (Carlquist 2009 ), but one must keep in mind that predominance of upright ray cells is an adaptive feature (favoring vertical conduction rather than horizontal) and not a historical indicator. Sheath cells of multiseriate rays, which are often upright, are not included in the "predominantly upright" ray cell configuration.
How do procumbent ray cells originate ontogenetically? This simple question has not been answered fully and is not described in textbooks, so a discussion is necessary. One factor is horizontal subdivision of ray initials. This does, in fact, occur and was mentioned by Barghoorn (1941) . Procumbent ray cells are usually vertically shorter than upright ray cells ( fig. 9I ).
One other change not mentioned in wood anatomy literature is required for formation of procumbent cells: lessened frequency of tangential divisions in derivatives of the ray initials. If such divisions occur less frequently, ray cells become progressively more procumbent (radially elongate, as seen in radial sections). One can see this effect in a single section. For example, in the radial section of Sambucus wood ( fig. 11E ), tangential divisions are relatively common (per radial length of radial section) at the ends of growth rings ( fig. 11D ). In latewood, divisions occur more frequently (as compared with radial elongation of ray cells), so that upright cells can occur within radial files of cells composed predominantly of procumbent cells ( fig. 11E , latewood indicated by arrow).
The above two factors work conjunctively to produce procumbent ray cells in most instances, but in a small number of cases, symplastic elongation of ray cells can occur. This can be seen in succulents and other species with bands of water storage tissue. Thus, if one compares conjunctive tissue as well as rays of a younger stem of Phytolacca ( fig. 14D ) to those of an older stem ( fig. 14E ), one sees that radial elongation has taken place in thin-walled cells.
Detecting upright and procumbent cells. When one has established from examination of radial sections that procumbent cells exist in a species ( fig. 11E ), one can use ray cells as seen in transections and tangential sections as proxies for this information. For example, the elongate ray cells in the radial section of H. bonplandianum ( fig. 8H ) match ray cells seen in a tangential section ( fig. 8G ). This is also seen in Lobelia shaf- eri (compare fig. 12A with fig. 12B, 12C ) and in the species of Hawaiian Asteraceae ( fig. 13) .
One can also use ray cells as seen in transection as proxies. The files of ray cells ( fig. fig. 9A ) match the upright ray cells in Kadsura scandens ( fig. 9D ). Later-formed wood has procumbent cells ( fig. 9E) , the shape of which correlates with what one sees in transections ( fig. 9B ). This is also seen in Virola pavonis (compare fig. 9H, 9I ). The reason why transection and tangential section ray cell shape proxies are important is that one cannot always be sure from a radial section whether one is seeing a uniseriate ray, the tip of a multiseriate ray, or the central portion of a multiseriate ray.
Rays with predominantly upright ray cells often look indistinct in tangential section. The vertical lengths of ray cells simulate those of axial parenchyma cells and libriform fibers, so that there is minimal contrast between ray cells and axial cells ( fig. 13A, 13C) .
Raylessness. Complete lack of procumbent ray cells results in upright cells that can-in some species with libriform fibers about the same length as upright ray cells-result in production of ray cells that simulate libriform fibers so closely that the two cell types are indistinguishable ( fig. 12I ). Raylessness has, to date, always been interpreted as an indication of secondary woodiness (Carlquist 1988 (Carlquist , 2001 . The significance appears to be a gain in mechanical strength for a narrow stem in which radial conduction of photosynthates is minimal. A number of woods begin secondary xylem production without rays, but ultimately rays do originate (Artemisia, Plantago).
Function of procumbent ray cells. Why is there an ontogenetic change from upright cells to procumbent cells in "woody" species? Morphological expressions in wood are indicative of physiological functioning. Production of procumbent ray cells is related to the amount of radial conduction that occurs in ray cells. Rays as conductive elements (seen primarily in terms of photosynthate translocation) have been a neglected topic, studied by a few (Braun 1983) . However, there is considerable direct and indirect evidence of their function. Starch is very common in ray cells (not preserved in xylarium specimens, probably mostly because bacterial action during wood sample drying causes starch hydrolysis). The dense aggregations of bordered pits on tangential walls of procumbent ray cells-a very common occurrence-is clear circumstantial evidence of a photosynthate translocation function (Carlquist 2007a) . The bordered nature of these pits indicates maximizing pit membrane area while retaining maximal wall strength, which contribute to the mechanical capabilities of a wood.
Why so few procumbent ray cells in paedomorphic woods? The lack of procumbent cells in juvenilistic woods can, in consequence of the above, be correlated with lowered radial conduction of photosynthates. Other factors, such as mechanical strength, might be tangentially involved, as discussed below. We should remember that factors with selective value in woods do not always evolve in parallel. Also, a clear distinction between juvenilistic (paedomorphic) and nonjuvenilistic woods cannot always be made; transitional conditions are to be expected.
Tall rays as paedomorphic. One dimension of ray juvenilism not mentioned in earlier literature is the fact that rays are taller when they originate in early secondary xylem. They tend not to be broken into smaller segments (figs. 9F, 9G, 12A). This contrasts with rays in typically woody species, in which rays are much more rapidly subdivided both laterally and vertically (Barghoorn 1941) . The maintenance of vertically long rays may be an aspect of lessened mechanical strength in paedomorphic woods, an aspect that tends to be seen in other respects, such as shorter and thinner-walled libriform fibers.
Wide rays are paedomorphic-but only sometimes. Some species have notably wide rays. Piperaceae ( fig. 9F, 9G ) are distinctive in this regard. If such rays begin at the pith and do not subdivide rapidly into smaller multiseriate units (as they do in typically woody species; Barghoorn 1941), their configuration is, by definition, paedomorphic. The juvenilistic nature of rays in Piperaceae seems confirmed by the abundance of upright ray cells ( fig. 9F ). Other families with such rays include Apocynaceae (the vining asclepioids), Aristolochiaceae, and Cucurbitaceae,
Molecular Evidence
Choosing how to use molecular evidence. There is no question that DNA-based phylogenies are an all-important tool in tracing evolution of habit in general and wood anatomy in particular. Before such global phylogenetic trees, comparative anatomy was used as a tool to reveal relationships and help build a natural system. With the introduction of detailed phylogenetic trees (Soltis et al. 2000 (Soltis et al. , 2011 , the situation is reversed: the molecular-based trees become the templates for interpreting probable evolutionary sequences in character evolution. We must remember, however, that the genes on which these global trees are based are "neutral" and do not include genes that control expressions in wood, so there is a kind of disconnect. In attempting to apply molecular-based hypotheses of relationships, we make the assumption that wood evolution runs in parallel with the branchings of phylogenetic trees. The following guidelines are suggested, assembled with the help of M. W. Chase (personal communication) .
Nesting guideline. If an herbaceous group is nested within a clade that otherwise consists of woodier plants, one can reasonably assume a woodier ancestry for the herbaceous group. Examples in figure 15 include Apiaceae, Campanulaceae, and Eremosyne.
Sister group guideline. If a woody group is the firstdeparting branch of a clade and is sister to (an outgroup of) an herbaceous branch, one can reasonably assume that the herbaceous group had a woody ancestry. One striking example of this is Ceratophyllum, sister to eudicots (Soltis et al. 2000 (Soltis et al. , 2011 . The basal angiosperms (i.e., Chloranthales, magnoliids) are outgroups of Ceratophyllum. Ceratophyllum not only lacks secondary xylem but also lacks xylem entirely (although it does have phloem).
Resolution guideline. The accuracy of our readouts on evolution of woodiness depends on clades with a high degree of resolution (B. Baldwin, personal communication) . Groups that are not represented in a molecular-based tree are similar to extinct groups (see next item) and might have degrees of woodiness different from those of the groups represented in a molecular-based tree. The more speciose groups are often more poorly sampled (e.g., Asteraceae; Funk et al. 2009 ), so our estimates of where shifts in degree of woodiness have occurred are limited. Ideally, one should know all species. For example, Coreopsis gigantea (Kellogg) Hall and Coreopsis maritima (Nutt). Hook. are the only species of the moderately large genus Coreopsis in which woodiness occurs, and if either of them had been omitted from the phylogenetic tree of the genus, we would have different ideas about the evolution of woodiness in Coreopsis (Mort et al. 2004) .
Extinction caution. Earlier members of a clade, now extinct, may differ in woodiness from descendent groups. For example, in Ranunculales, the first three branches in succession are Eupteleaceae, Papaveraceae, and Lardizabalaceae (Soltis et al. 2000 (Soltis et al. , 2011 . Eupteleaceae and Lardizabalaceae are woody, with scalariform perforation plates (simple in some lianoid Lardizabalaceae but scalariform in the early-departing genus Decaisnea). One might logically expect, given this pattern, that Papaveraceae would be woody with at least a few scalariform perforation plates, especially in the primary xylem. This is not true: Papaveraveae have simple perforation plates exclusively, even in primary xylem; some Papaveraceae are woody (Bocconia, Dendromecon), but these are probably secondarily woody on several grounds (see Carlquist 2012) . One must postulate extinct ancestors of Papaveraceae that represented a "breakout" into seasonal habitats, lost scalariform perforation plates, and became nonwoody, perhaps even truly herbaceous, as in the earliest branch of the Papveraceae clade, Pteridophyllum.
Shifting, character state ambiguity, reversal guidelines. Some phylogenetic trees have been drawn so that the branches, instead of being shown by lines, are shown by broader "channels" in which patterns representing character states can be shown. This convention has been used, for example, in the textbook of Soltis et al. (2005) . Within these patterned branches, however, there are sometimes "ambiguous" character state expressions, intermediate character state expressions, and reversions, in addition to the apomorphies the patterns mostly exhibit. We do not know what has happened within some of these branches. The ancestors of Ceratophyllum probably had a cambium, but various shifts and reversals in habit and woodiness could have taken place within extinct Ceratophyllales.
The "basal in a phylogenetic tree is primitive" fallacy. Some workers have made the assumption, which can lead to incorrect conclusions, that more "basal" branches of a tree are more likely to contain plesiomorphic wood expressions. This is not a reasonable assumption because characters evolve independently in a clade, and apomorphies may occur at any point. For example, phylogenetic trees place Papaveraceae as a more nearly basal group in eudicots, but simple perforation plates-ordinarily a feature associated with "primitive" woods-are present in Papaveraceae, suggesting that this clade has traversed xeric habitats at some point rather than having an unbroken history of occupancy of mesic habitats. Amborella, widely considered sister to the remainder of angiosperms, is dioecious, but angiosperms are not likely to have originated from a dioecious ancestor (M. W. Chase, personal communication), so dioecism in Amborella is an apomorphy. Likewise, the precise degree of woodiness exemplified in the one extant species of Amborella should not be construed as characteristic of the earliest angiosperms. The earliest angiosperms, however, probably did have cambia, because cambia are present in all of the outgroups (the gymnosperms) sister to angiosperms.
"Breakouts." The campanulid clade as a whole seems easily interpreted as having a woody ancestry. The groups to the left of the gray line in figure 15 are "primarily" woody and have morphological and ecological stasis related to such an ancestry. The groups to the right of the gray line have simple perforation plates and mostly show "breakouts" of radiation and speciation and changes in degree of woodiness. Apiaceae, Asteraceae, Campanulaceae, Dipsacaceae, Goodeniaceae, Menyanthaceae, Stylidiaceae, and Valerianaceae are notable in this regard. The change in woodiness as well as the simple perforation plates are related to occupation of highly seasoned and less contested nonmesic habitats (or exceptionally wet habitats, in the case of Menyanthaceae). These families account for most of the less woody ("herbaceous") species in the campanulid clade. These groups also contain, not surprisingly, instances of secondary woodiness, mostly in the larger families, such as Apiaceae, Asteraceae, Campanulaceae, Dipsacaceae, and Goodeniaceae.
Long-branch clades. Another modality of less woody derivatives in the families of figure 15 involves long-branched clades that are not highly speciose. Hydrocotyle, a nonwoody genus, is an example of this. An even more striking example is presented by Eremosyne, unique among escallonioids in its herbaceous habit. Probable lessening of woodiness is a feature of other long-branch clades of figure 15, such as Campanulaceae, Dipsacaceae, Stylidiaceae, and Valerianaceae, all of which contain ephemeral species. Long branches (increased numbers of site substitution) may be related to the more rapid evolution that can happen as a result of the shortening of life cycles in herbaceous groups, as contended by Smith and Donoghue (2008) .
Fluctuation in woodiness?
The resolution of the tree shown in figure 15 does not allow us to detect fluctuations in woodiness with any certainty. To demonstrate that, one needs trees that go to the species level. Such trees are now being supplied, and comparisons to degrees of woodiness are being offered (Lens et al. 2012) . In large genera that contain secondary woodiness, such as Senecio and Aster and segregate genera of these, progress may be slow because of species numbers and systematic complexity, yet precisely such genera will be the most rewarding ones in developing our knowledge of secondary woodiness. Secondary woodiness appears to be highly polyphyletic (phomoplastic), as shown in Impatiens (Lens et al. 2012) . 
Geology and Ecology
These factors have been neglected to a surprising extent in studies dealing with secondary woodiness but prove to be of pivotal importance. The neglect of these topics relates to the fact that information about geology and ecology must be assembled separately from information on wood anatomy. Knowledge of ecology of a given species is not really obtainable from library resources and may not be apparent from a single short visit to a locality. In the field, one can see such things as soil moisture, microclimates (all species have niches, many of them describable as microclimates), direction of slope, and amount of light or shade, which are mostly not present on herbarium labels or in pertinent ecological literature.
Hormonal and Developmental Considerations
Changes in wood histology are often stated in comparative or evolutionary terms. One should remember, however, that there are hormonal and developmental pathways leading to the various outcomes. These have been nicely summarized by Aloni (1987) . His work treats mostly changes in vessel diameter, but other changes in cell elongation and enlargement are covered. Secondary woodiness, especially on islands or equatorial peaks, often features lack of growth rings. Lack of growth rings is explained by constancy in auxin levels (Aloni 1987) .
The Hypothesis
Less woodiness (e.g., annual herbs) is associated with more extreme habitats, in which survival by means of seeds becomes a more viable strategy. There is a trade-off: the value of building vegetative structure that can be continued by growth the following year (providing rapid new growth and flowering) runs counter to the vulnerability of the vegetative apparatus to frost, heat, and drought. More favorable habitats are always relatively saturated because they provide environmental factors favorable for survival and growth, which do not require yearly dying back of stems (and often leaves) that represent expensive investments of photosynthates. Many stable habitats are often mesic and with minimal frost or no frost (adaptation to drought by such means as drought deciduousness may be more easily achieved than adaptation to freezing). More extreme environments are moderately to strongly unsaturated because of the lethality of their environmental regimens and the fluctuation from year to year. There are always exceptions to these generalizations, of course. However, given that "less woody" plants are more strongly selected for in more extreme environments, what are the circumstances under which secondary woodiness occurs?
Trending toward increased woodiness. If one views secondary woodiness in terms of world floras, one sees that requirements include a number of factors. These factors vary from one group to another, and study of plants in their native setting is necessary.
Progression to Less Extreme Ecological Situations
This concept may seem vague, but it can be demonstrated easily in individual cases. The Madiinae of California are annuals or perennials woody at the base, subshrubs at most. The Hawaiian representatives, which are nested within the Californian complex, are much woodier and even include species that anyone would call trees (wood shown in fig. 13 ; Carlquist et al. 2003) . The shift has been to not one but many habitats in Hawaii. Factors involved include increased moisture availability and less seasonality in temperature extremes, including lack of frost (or minimal frost). Radiation into a variety of habits does not exclude devices to evade low humidity (smaller leaf size) or some degree of frost (the ground-level rosettes of the species from alpine cinders, Argyroxiphium sandwicense DC.). Interestingly, the bog Argyroxiphium, Argyroxiphium grayanum (Hillebr.) Deg., is a shrub with rosettes elevated on stems, a habit that is possible in frost-free bogs but that could not be evolved in colder localities.
A similar situation is evident on the Canary Islands, where Echium presents a similar situation. Echium wildpretii H. Pearson ex Hook. f., in the caldera of El Teide, Tenerife, has growing points in rosettes at ground level. This is also true of another El Teide species, Echium auberianum Webb & Berthel., in which renewal buds are at or below ground level at the tops of perennial roots. The lowland species of Echium are much woodier rosette shrubs. There are no true tree Echium species, which is correlated with the fact that Canarian-Madeiran midelevation climates have not offered as many opportunities as those of Hawaii, and most Echium species are shrubs in moderately dry lowland locations with minimal frost; surviving the dry months by means of small leaf size, drought deciduousness, and other mechanisms makes woody growth forms possible. The range of growth forms in an island group may be considered a template that tells us about the opportunities presented by climatic factors.
Forms and Habits May Be Preempted
The degree of woodiness in Hawaiian genera can increase more than those in other island groups not merely because of favorable climatic conditions but because the tree niche is undersubscribed. There are only two common trees: Acacia koa A. Gray of dry forests and Metrosideros polymorpha Gaud. of moderately wet to wet forests. This situation can be compared with mainland subtropical forests, in which there may be hundreds of species in a given area. Neither of these instances excludes understory shrubs, and various tree species have radiated into these unsaturated forests. Early arrivals to islands or other newly available pieces of land are favored more for radiation (and increase in woodiness, given favorable ecology) than later colonists.
Geologically Newly Opened Areas
Volcanic oceanic islands are ideal examples of land newly opened for occupancy, so it is not surprising that secondary woodiness is so common on them, given suitable ecology. The term "insular woodiness" has even been employed (Carlquist 1974) .
New habitats can open on old continental islands. On New Zealand, extensive glaciation occurred, so that new areas have opened. Speciation featuring increased woodiness has occurred in such genera as Brachyglottis and Olearia (Asteraceae); Fuchsia (Onagraceae); and a segregate of Veronica, Hebe. Specia- tion has been greater in genera on New Zealand than in mainland areas that have been deglaciated because the New Zealand flora is a much less harmonic flora.
Volcanoes on mainland areas are newly opened areas, especially if they are in equatorial latitudes but have temperate upper levels. The East African volcanoes fall into this category and thus are especially good examples of this phenomenon. Tropical genera in surrounding lowlands do not adapt readily to the "sky island" conditions because adaptation to cold is complex and not readily attainable for them, whereas temperate species able to reach these volcanoes have become woodier in a number of cases, such as Dendrosenecio. The East African volcanoes have north and south temperate genera in cloud forest and alpine areas (e.g., Hypericum, Ranunculus).
Uplift plus volcanic action in cordilleran South America in relatively recent time has offered the most dramatic examples of opening of a wide range of habitats to new angiosperm colonists (Antonielli 2009 ). The origin of the huge and variously woody family Asteraceae began with the tribe Barnadesieae in this area ). The family was probably initially woody but not arboreal, and much of its radiation featured increased woodiness (the tribe Mutisieae, notably) in this area. The correlative factor here worth noting is that the family Asteraceae-in the process of rapid radiation in Cordilleran sites-developed invasive characteristics suitable for colonization of disturbed areas, leading to its swift radiation throughout the world.
Habitats of Mediterranean-type climates (coastal southern California, Mediterranean coasts) may not seem "geologically newly opened," but in fact they do feature more land available for occupancy by species with invasive characteristics than one might notice at first glance. Rapid uplift (southern California) results in large areas of scree and alluvial fans, and on these, many species with secondary woodiness (notably Asteraceae) may be found in those habitats. Similar factors-plus volcanic activity-present available habitats along Mediterranean coasts (woody Lamiaceae are well developed in the macchi scrub there). In both of these coastal areas, frost is minimal, so that increase in woodiness is possible and selectively advantageous.
Dispersal Capacity
Colonists on oceanic islands display excellence at long-distance dispersal, as has been stressed repeatedly (Carlquist 1974) . This is relevant to secondary woodiness because in general, tree species tend to have lowered dispersal capability of fruits and seeds. Nonwoody species have smaller seed size and greater dispersibility, factors related to their occupancy of sunny, widely scattered habitats.
Speciation Capabilities
There is congruence between good dispersibility and invasive capability. Given that correlation, is there congruence between invasive capabilities and speciation/radiation capacity? Each genus or species ultimately must be studied individually, but if we look at the campanulid clade ( fig. 15) , we see that speciose groups are also ones often cited for secondary woodiness (Apiaceae, Asteraceae, Campanulaceae, Dipsacaceae).
Lessened Vulnerability to Herbivores
Secondarily woody plants on oceanic islands are indeed vulnerable to herbivores, but their progression into secondary woodiness is often strongly correlated with absence of mammalian herbivores in prehuman times on those islands. This correlation is not obvious until one comes to know in some detail the floristics and faunistics of various islands and archipelagos.
Competition among Individuals
This factor was famously cited by Darwin (1859) to account for tree species of the composite Scalesia in the Galapagos Islands. Closed stands of Scalesia pedunculata Hook f. and other Scalesia species were likely persuasive to Darwin. Such stands may feature seedling recruitment only in unusually wet years (Eliasson 1982 (Eliasson , 1984 , in which case, competition among individuals for light is indeed a possibility. This does not account for the arborescent species of Opuntia (Cactaceae), where other factors-such as moisture availability-may account for spacing of individuals in the dry lowlands of these islands. Competition for light and moisture are factors that can be measured with suitable instrumentation, and such studies on island areas-especially Hawaii-will indeed be informative about factors involved in secondary woodiness. However, competition for light by means of formation of arborescent growth forms is not likely to occur if there is insufficient moisture supply or appreciable frost.
Canopy-flowering monocarpic unbranched rosette trees are a distinctive phenomenon that occurs on a few islands. One can cite Echium pininana Webb & Berthel. (Boraginaceae) in the laurel forests of La Palma, Canary Islands. In the Hawaiian Islands, Wilkesia gymnoxiphium A. Gray in the koa forests of Kauai qualifies as representing this phenomenon. Some species of Dendroseris (those that were earlier recognized under the segregate genus Phoenicoseris) on the Juan Fernandez Islands can be added. These are all derived from less woody ancestors but acquire appreciable woodiness during their growth to the forest (or, in some cases, tall shrub) canopy. Flowering is delayed by understory status. For example, flowering typically occurs within 3 yr in individuals of E. pininana Webb & Berth. or W. gymnoxiphium in sunny situations but can require 10 yr if individuals are grown in the shade of a small tree or large shrub (original data from plants cultivated in my garden). 
Distinctive Growth Forms: What They Tell Us about Degrees of Woodiness
Sympodial Growth Forms
The early angiosperms. Sympodial growth forms-or early derivatives of them-are best seen in groups that resemble early angiosperms, such as Saururaceae (Houttuynia, Saururus) , Chloranthaceae ( fig. 8A ), or some rhizomatous monocots. Woodier sympodial angiosperms can be compared with upended rhizomatous monocots (Hedyosmum, Eupomatia, or some shrubby species of Piper-in which there is more than one upright stem, of which some are longer, but none of which becomes a leader, and in which some prostrate lengths of stems may be found-are good examples). There is a strong correlation between these growth forms and the early branchings in molecular trees of angiosperms (Carlquist 2009 ). The common denominator of sympodial plants is that they do not develop a single leader: the branchings may not be equal-their length may be more opportunistic. Rhizomatous plants most frequently have minimal secondary xylem accumulation, and they form adventitious roots along the stem. These two tendencies are correlated, because adventitious roots "bypass" or render obsolete stem portions formed earlier. They thus have a strategy of widening the ground area they occupy. The tradeoff of this broadened areal dominance is that they are restricted to moisture in relatively superficial soil depths, and they do not compete well for sunlight, so they tend to be understory plants or plants adapted to understory ecology.
Taproot or adventitious root? The two opposing strategies of using taproots for water acquisition versus using adventitious roots can be successfully combined only to a limited extent; the growth forms of Aristolochiaceae and Piperaceae show this. The woodiest Piperaceae are monopodial trees. In monocots, the escapes into arboreal habit from the sympodial ancestry are few and distinctive (palms, dracaenas, yuccas). The physiological distinction between the two types lies in a valve-like type of action of the adventitious root, in which roots (the active ones) feed water into stems across the rootstem junctures (McCully et al. 1998) . Conductive safety can be built into rhizomatous plants by the ability to refill embolisms and by lowering of transpiration. Monocots may have more resistance to drought by such means; in prairie areas where grass and forbs are mixed, forbs die more rapidly than grasses during serious drought (Weaver 1954; P. Lesica, personal communication) . Taproot strategists are thus limited over time to soils with more reliable water content and either are resistant to embolism formation or are capable of constant (often daily) repair of embolisms (Carlquist 2012) . The taproot strategists excel at light gathering, the favorable leaf placement made possible by woody stems. Thus, there was divergent selection for early angiosperms to become rhizomatous (some submersed, similar to Nymphaeaceae) or woodier (similar to magnoliids). Interestingly, the earliest woody angiosperms probably had descending age-on-tracheary element length curves, which are still represented in some less woody basal angiosperms ( fig. 2) .
Cane Shrubs
The cane shrub habit may be one of the first departures from early sympodial angiosperms, and the habit is well represented in this study by Caprifoliaceae and Sambucus of the Adoxaceae (figs. 10, 11). These represent a span of growth forms referable to this description. A cane shrub differs from sympodial plants in that cane shrubs are woody at the base, and innovations produce secondary xylem for several years before being superseded by newer stems. Viburnum (Caprifoliaceae) and Sambucus (Adoxaceae) are large shrubs, whereas Abelia, Leycesteria, Weigela, and some species of Lonicera (Caprifoliaceae) are midsized shrubs ( fig. 10A) . Symphoricarpos ( fig. 10H) is a small shrub. This Caprifoliaceae-Adoxaceae clade ( fig. 15 ) also contains some plants commonly termed herbs, for example, Linnaea, Adoxa, and Tetradoxa. Fluctuation between woodiness and herbaceousness can be seen in some other clades (e.g., Ranunculales). These examples give us some ideas about one pathway to (and from) herbaceousness, but there are other patterns as well.
Adaptive value. The cane shrub can produce smaller innovations in less favorable years and longer innovations in better years. Each stem has a limited life span, so some rhizomatous activity can occur (Berberis, Nandina; Podophyllum of Berberidaceae is a nonwoody rhizomatous plant). Cane shrubs tend to have root initiation patterns intermediate between that of sympodial plants (adventitious) and woodier shrubs and trees. Lonicera involucrata ( fig. 10A ) is a cane shrub with a fascinating compromise: it grows in areas where moist leaf litter actively forms soil, and the canes can send out adventitious roots accordingly. If one looks at the length-onage curves for Caprifoliaceae ( fig. 4) , one sees that Viburnum opulus, a large shrub, has a curve with a slight rise (suggesting wood with greater mechanical strength). Abelia, a typical cane shrub, shows a descending curve. This curve-as well as the one for Symphoricarpos (fig. 4) -will surprise those who associate descending curves with herbaceous or secondarily woody growth forms. The explanation may lie partly in an "overlay" or "superimposition" phenomenon, in which more than one factor is influencing the change in length of tracheary elements, as discussed below. Note, for example, that a low F/V ratio may be correlated with less intrusiveness of libriform fibers; thus, the curve for Viburnum would lie higher than those of other Caprifoliaceae, in which longer fibers can be attained by intrusive growth.
Lianas
Two lianas from widely separated locations in the angiosperm tree are incorporated in this essay. Kadsura scandens (figs. 3, 9A-9E) and Lonicera hildebrandtiana ( fig. 10D-10G ) both have similar woody cylinders, similar abrupt transition 984 INTERNATIONAL JOURNAL OF PLANT SCIENCES from scalariform perforation plates to simple ones, and similar uptick in length-on-age curves. Both of these species also have a rather abrupt shift from all upright ray cells to procumbent ray cells in the central portions of rays. Thus, both of these species stand out in their respective clades by having woods with "accelerated adulthood." One can logically also equate this with a shift from wood with vessels of narrow to rather average diameter (the former with scalariform perforation plates) in earlier-formed secondary xylem to notably wide vessels with simple perforation plates in later-formed secondary xylem. Lianas tend to have a large foliar area for woody plants of a given stem diameter and a relatively low quantity of mechanical tissue.
The strategy of accelerated adulthood. Conductive efficiency is usually most conspicuous in wood of trees and shrubs in the form of wider vessels. However, in lianas, this process seems accelerated. Lianas accumulate wood more slowly than trees, so there is a kind of compensation in larger vessel area for the lesser area of wood.
Lianas and mechanical strength. Lianas are known for having a lessened amount of mechanical tissue compared with the quantity of vessels (Carlquist 1975) . Is this reflected in the length-on-age curves? The uptick for both the K. scandens and the L. hildebrandtiana curves suggests that the value of mechanical strength is greater than it is in wood of herbs. The importance lies in factors other than mechanical support, in all likelihood. In lianoid angiosperms, distribution of imperforate tracheary elements with respect to vessels suggests that fibrous tissue acts to sheath vessels and protect them from torsion and cavitation (Putz and Holbrook 1991; Carlquist 2012) .
Lianas as altered cane shrubs. Lianas may be viewed as cane shrubs with fewer and longer stems. We often think of vines and lianas as having a single ascending stem, but more often, they have multiple ascending stems. There are some nice examples of cane shrubs ancestral to lianas in the illicioid Schisandraceae (shrubs) compared with the lianoid Schisandraceae (Schisandraceae s.s.) and the shrub Decaisnea, the first branch of the Lardizabalceae clade as compared with the remaining (lianoid) genera.
Juvenilism coexisting with adulthood. Characters that reflect change to adult patterns or retention of juvenile features can coexist, and lianas offer good examples of this. In scandent Aristolochiaceae (Carlquist 1993) , Cucurbitaceae (Carlquist 1992) , and Piperaceae ( fig. 9G ), rays begin wide at the pith and extend outward with little alteration, surely a juvenile condition. This contrasts with the "adult" type length-on-age curve in lianas. We must be careful, however, about categorizing the curves with single terms. The presentation of numerous length-on-age curves in this article is done to begin understanding of the features they may show, which have hitherto not been studied. The curves one can obtain may be diverse and related to particular habits but also to other features. Lianas do show that a range of juvenile and adult characteristics form an enormous source of diversity from which suitably adaptive characters may be drawn.
Trees as a Novel Growth Form
The traditional concepts of comparative wood anatomy have regarded woody trees as the "standard" form to which wood of other plants is compared as representing modifications. But what if we regard early angiosperms as minimally woody and interpret trees as specializations derived from them? The fossil record supports this view (Taylor and Hickey 1996 ; see also articles cited in "Introduction"). Trees therefore represent an innovation when compared with what are now often regarded as rhizomatous, sprawling early angiosperms living on disturbed aquatic margins or similar mesic areas.
Features of monopodialism. We tend to see monopodialism exhibited in development of a single trunk, an aboveground phenomenon advantageous for achieving access to more light. However, the key to treehood may be the taproot habit with its dependency on water tables. (One must remember that tree roots may reach levels that are more moist but are often not unlimited water sources.) The amount of foliage of a tree is indicative of abundance of underground moisture, as is the diameter of vessels.
Trade-offs in tree wood ontogeny. Wood of trees is distinctive in combining ontogenetic progression toward longer fusiform cambial initials ( fig. 1 ), which are generally thought to be related to longer fibrous cells (imperforate tracheary elements). Longer vessel elements may offer a slightly lowered obstruction to the conductive stream that shorter vessel elements, but the rims of simple perforation plates do not appear to represent much of a flow obstacle; thus, the longer mechanical cells may be the product that is of more selective value in the presence of longer fusiform cambial initials. The length of vessels (a vertical chain of vessel elements) is a fact that relates to conductive efficiency, and longer vessels connote greater conductive efficiency (they are sometimes continuous from taproot to crown) but also provide greater potential vulnerability to embolism formation (Zimmermann 1983) . At the same time, wood of most trees features an ontogenetic change to vertically (axially) shorter and radially longer ray cells: "procumbent" cells ( fig. 9I ). Fusiform cambial initials increase in length, whereas ray initials are shortened (by means of horizontal divisions). The progression to procumbent cells relates to increased radial conduction of photosynthates (Carlquist 2007a) . Tree wood is distinctive in combining anatomy promoting maximal sap flow in axial xylem while promoting maximal photosynthate flow in rays.
Herbhood
"Herb" is a term famously defined negatively: plants that supposedly have little or no secondary xylem. Removing monocots from consideration, most annual nonmonocot angiosperms do have some secondary xylem.
Wood of minimally woody plants. The woody cylinders of some annual eudicots can be woodier than the stems of some trees (e.g., Helianthus annuus). Secondary xylem of annuals has been little studied. It is characterized by juvenile features: probable descending length-on-age curves (very few have been sampled), simple perforation plates (probably a few exceptions can be found), and predominantly upright ray cells (Carlquist 1966) . Libriform fibers are present almost exclusively rather than tracheids or fiber-tracheids. The fact that wood of most annuals features narrow vessels (Carlquist 1966 (Carlquist , 1975 connotes resistance to embolism formation, if the principle (narrow vessels embolize less readily than wider ones)
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shown by Hargrave et al. (1994) is applicable. The functional wood physiology of annuals remains largely unexplored, since wood physiology has been done almost exclusively with woodier eudicot species and with conifers.
Secondarily Woody Eudicots
Because the wood of secondarily woody eudicots is patterned on that of annual or perennial minimally or less woody ancestors, it tends to resemble "herb" wood, unless there is some strong selective pressure away from those patterns. Usually, there is not. We can understand secondarily woody plants most easily if we consider them to be "herbs" from which constraints of moisture limitation and of frost occurrence have been removed. Increased stature does, to be sure, involve some selection for mechanical strength.
Rosette plants and their distinctions. One fascinating paradox, based on what is currently known, is that in rosette trees and less arborescent rosette plants with large leaves, procumbent ray cells are more common than in their relatives with small leaves and longer internodes. One can see this tendency in Argyroxiphium ( fig. 13E, 13F ) when compared with its close relative Dubautia ( fig. 13A-13D ), a genus with which Argyroxiphium is interfertile (Carr 2003) . One can also see this in the woods of other rosette tree species of Asteraceae, such as Espeletia (Carlquist 1958) and Dendroseris (Carlquist 1960) , as well as rosette species of Echium of the Boraginaceae (Echium simplex DC, Echium wildpretii H. Pearson ex Hook f.). The important point here is that selection for procumbent ray cells in "typical" trees is a different phenomenon. In rosette trees, radially elongate (procumbent) ray cells may be related to rapid storage and retrieval of photosynthates in wood and cortex. Araliaceae and a phylogenetic derivative of araliads, Apiaceae ( fig. 15 ), are notable for having an abundance of procumbent cells in secondary xylem. The large leaf size, multilacunar nodes, and thick cortex (in which stored photosynthates are abundant) may be related to this. However, in all of the plants cited in this paragraph, inflorescences are massive, suggesting the value of procumbent ray cells as a means of translocation of photosynthates in procumbent ray cells (Carlquist 2007a) .
Trematolobelia. In the age-on-length graph of lobelioids ( fig. 5) , Trematolobelia is distinctive in having an ascending curve, despite the fact that stems of Trematolobelia are not notably woody. Vessel element length here is probably a proxy for longer libriform fibers (which also have moderately thick walls). Trematolobelia can be found in areas where the slender pole-like stems are constantly buffeted by wind, such as the summit areas of the Koolau Mountains, Oahu, Hawaii (Wagner et al. 1990 ; S. Carlquist, personal observations).
Vessel area. One might guess that rosette trees, especially those with a thin cylinder of wood, would have a larger area of vessel lumen per square millimeter of wood transection. This is, in fact, mostly not the case (Carlquist 1975, p. 206) . This may be explained by the steady (but not large) amount of transpirational surface presented by the rosette habit.
The central issue in the examples cited above is that each species presents its own individual features related to habit and physiology.
Stem Succulents
Stem succulents often defy any attempt to make a distinction between woody and nonwoody, and each group must be considered separately in terms of secondary xylem. However, cacti provide some amazing examples of abrupt transitions in habit and in secondary xylem between juvenile and woody conditions. The review of Mauseth (2006) and the literature it cites are recommended in this regard. Globular cacti are mostly permanently juvenile, featuring axial secondary xylem that is composed of vessels and vascular tracheids with wide-band helices plus axial parenchyma. In shrubby and arboreal cacti, there is an abrupt shift to fibrous axial secondary xylem.
Plants with Successive Cambia
Successive cambia remain a misunderstood phenomenon. This growth mechanism has developed in a number of clades independently (Carlquist 1988 (Carlquist , 2001 (Carlquist , 2007b and may be genetically reversible (Carlquist 2010) . In a sense, in order to understand the single-cambium system of most woody angiosperms and gymnosperms, we must understand successive cambia.
Juvenile or adult? The first cambial action in a species with successive cambia is, as numerous authors have reported (Carlquist 2007b) , the production of secondary xylem and secondary phloem exactly as any plant with a single vascular cambium does. There is no controversy about the formation of this first vascular increment. In Phytolacca dioica, there is a descending length-on-age curve in this first vascular increment. Phytolacca dioica is a tree. That is understandable in view of the fact that most species of the genus Phytolacca are herbs with finite-often with stems of annual-duration produced from perennial roots. Within this first vascular increment, upright ray cells predominate. In P. dioica, the first increment of secondary xylem would qualify as juvenile.
The first cambium does continue to function but gradually decreases its activity over a period of time. Before cessation of its activity, a second meristem is formed in the cortex (pericycle of some authors) of a stem of P. dioica. This new meristem is not a vascular cambium but a different kind of meristem, termed the master cambium (Carlquist 2007b) , which produces conjunctive tissue bands (not to be confused with axial parenchyma) and vascular cambia internally and may produce one or more layers of secondary cortex externally ( fig. 14) . Each vascular cambium produced by the master cambium functions in a typical way, producing secondary xylem inwardly and secondary phloem outwardly. Note must be taken that because the vascular cambia produced from the master cambium are derived from cortical parenchyma cells, they are vertically shorter than the fusiform cambial cells of the first cambium. They conform to neither adult nor juvenile wood as described above, because they are derived, if indirectly from a meristem, the cell size of which is governed by the size of cortical parenchyma cells, both in transection ( fig. 14A, 14B ) and in longisection ( fig. 14C-14F ). The master cambium is an ongoing meristem, not a temporary one. However, its activity slows and accelerates in most successive cambial species, active at some times but not at others. In the root of the beet (Beta), such fluctuations in the pace of divisions may not be evident because of sustained active growth, but periods of dormancy 986 INTERNATIONAL JOURNAL OF PLANT SCIENCES followed by renewed activity can be seen in other genera, such as Phytolacca. This has not been noticed by most workers and is clearly evident only if stems in various stages of development (not usually visible in sliding microtome sections) are studied. Additional reasons for confusion over the ontogeny of successive cambial stems (and roots) include lack of study of both transections and longisections and lack of thin sections that reveal not just mature patterns but also meristematic divisions that can be studied under higher magnification with a light microscope, where patterns of recent cell division can be seen and photographed rather than inferred.
Larger implications. In a wider context, do the products of successive cambia in Caryophyllales and other orders represent an increase or decrease in woodiness? Obviously, successive cambia produce more secondary xylem than if no master cambium were to form, and thus the production of wood would be curtailed. In fact, in some species of Phytolacca and other genera of Caryophyllales (Tetragonia; prostrate genera of Aizoaceae, such as Carepobrotus; annual Chenopodiaceae), only one or two additional vascular increments are formed. By definition, however, all species with successive cambia have the ability to form secondary xylem. If one views the numerous probable functions of the successive cambial system (Carlquist 2007b (Carlquist , 2010 (Carlquist , 2012 , the most logical interpretation is not that it represents an inability to form a single uninterrupted secondary xylem cylinder but that it represents some beneficial alternatives to the single-cylinder system. These include better storage and retrieval of photosynthates; a mechanism for salt sequestration; a water storage tissue; a three-dimensionalized xylem and phloem network, in which both xylem and phloem pathways can be of indefinite duration (because each vascular cambium can continue to function and produce more vascular tissue); and a way of surrounding mechanically strong secondary xylem portions with flexible parenchyma (conjunctive tissue).
Phylogenetic Overviews
Basal Angiosperms
Much has changed since the first attempt at a concerted picture of early angiosperms (Taylor and Hickey 1996, p. 249) . However, those authors offer a picture that still appears to be well supported: "Examples of early Cretaceous wood are rare and small in size, a situation that has led many researchers to infer that [early] angiosperms were of small stature and possessed limited secondary growth until Campanian time (Wheeler et al. 1987; Wing and Tiffney 1987a, 1987b; Herendeen 1991; Wheeler and Baas 1993; Wheeler and Herendeen 1993) ... the tree habit did not become well established among angiosperms until the Tertiary (Tiffney 1984; Wing and Tiffney 1987a, 1987b) ." However one dates the rise of tree angiosperms, their origin postdates the origin of angiosperms as a whole.
How is wood of today's nontree basal angiosperms (Amborellales, Austrobaileyales, Chloranthales) different from that of herbaceous eudicots or secondarily woody derivatives of them? We see one or more of the following features: (1) scalariform perforation plates: long scalariform perforation plates compensate for the reduced conductivity they engender (Christman and Sperry 2010) , and selection for long elements is maintained; (2) low F/V ratios (ratio between imperforate tracheary element length and vessel element length 1.30 or lower, indicating an earlier stage of differentiation between the two cell types); (3) presence of tracheids rather than fibertracheids or libriform fibers; (4) multiseriate rays with predominantly upright ray cells; (5) descending length-on-age curves for vessel elements or imperforate tracheary elements. In addition, less woody basal angiosperms show a sympodial growth form or some derivative of it (e.g., multistemmed lianas, such as Kadsura or Austrobaileya, with no single discernible dominant stem).
One could argue that items 4 and 5 relate to limited size. However, in the three orders named, there is a protraction of these features into secondary xylem greater than in equivalent woody eudicot shrubs.
To be sure, tree-like forms that lack some of these features have developed in Lauraceae and Magnoliaceae, among other families. One can argue that when such arboreal forms have developed, they have shifted to many features characteristic of the majority of angiosperm trees. Still, in the two families named, scalariform perforation plates and moderately low F/ V ratios can be found. This is compatible with their placement in recent molecular phylogenies (Soltis et al. 2000 (Soltis et al. , 2011 .
Iteration in habit and ecological preference. In more ancient groups, we should expect the surviving lines to have more divergent habit and ecology than in relatively recent groups, because time and competition have been sufficient for diversification and for the extinction of intermediate forms. Thus, we see such specialized aquatics as Nymphaeaceae, Hydatellaceae, and Ceratophyllaceae, which are notably different from each other (and very likely from their common ancestor). There are some surviving basal angiosperm groups in which ecological and morphological iteration has been considerable. Piperaceae and Aristolochiaceae range from sympodial rhizomatous shrubs to lianas-and even trees, in the case of Piper. While Amborellales, Austrobaileyales, and Chloranthales may have retained mesic habitat preferences and kinds of sympodial growth forms, Piperaceae and Aristolochiaceae have shown much more radiation into other habitats, and this is reflected in the fact that these two "breakout" groups have simple perforation plates. Simple perforation plates may be associated with the radiation of Aristolochiaceae and Piperaceae into new habitats. Radiation by some groups tends to inhibit radiation by others (well demonstrated in geologically recent times by the Hawaiian and Galapagos flora and fauna).
Wood as a Key to Diversification
Some authors have stressed pollination biology, dispersal mechanisms, or other factors as basic to angiosperm radiation (Stebbins 1974) . In fact, these diversifications would not have been possible without the ability to occupy diverse habitats. Certainly, the abbreviated angiosperm life cycle (as compared with that of gymnosperms) is responsible for rapid evolution, but the ability of angiosperm xylem to manage hydraulic supply to foliage must be counted as a leading cause of angiosperm success, judged merely in terms of territory occupation. These concepts are highlighted when one compares angiosperms to Gnetales, which predated angiosperms but have not competed well with them. Gnetales have essentially all of the features 987 that angiosperms have with respect to wood anatomy (excepting perhaps the commonness of axial parenchyma in angiosperms).
If we view a large and diverse clade, such as the campanulids ( fig. 15) , we see that "breakout" groups with development of herbaceous lines show numerous changes in wood anatomy (for further details, see Carlquist 2012) . These shifts should be read not as anatomical changes but as wood physiological changes as well. In fact, wood physiologists might with some justification regard wood anatomy as a kind of framework designed for achieving particular types of physiological processes. The tendency to favor descriptive views of wood anatomy over developmental ones persists; taking a static view of what is under the microscope is tempting. We need to shift to viewing wood anatomy as a developmental product, and we need to be able to explain how all sequences we see under the microscope have happened.
Transitions and Trajectories
Fluctuation. When we think of secondary woodiness, we often think of a genus typified by herbs with little wood, such as Lobelia, giving rise to tree forms, such as Clermontia and Cyanea. In fact, that is validated by the phylogeny of Antonielli et al. (2009) . Nonwoody genera, such as Downingia and Hippobroma, are nested within secondarily woody lobelioids, which should warn us that degree of woodiness is subject to fluctuation.
Differing strategies in the Hawaiian lobelioids, a monophyletic group (Givnish 1998) , have been demonstrated by Givnish et al. (2004) with respect to utilization of available light. In turn, these adaptations to niches that differ in light availability govern degree of woodiness. Thus, physiology is a parameter that should be taken into account in studies on secondary woodiness. The Hawaiian flora, offering as it does a number of monophyletic groups that have radiated into diverse habitats, offers a natural laboratory for comparative physiology where genera such as Euphorbia and Scaevola are concerned (Robichaux and Pearcy 1980, 1984) . Other island groups, such as the Galapagos and Macaronesia, offer good examples but have less diversified ecology than does the Hawaiian archipelago.
Fluctuation in degree of woodiness is clearly represented by Asteraceae. The earliest branchings of the family, Barnadesieae and Mutisieae, are all woody (Funk et al. 2009 ), with few exceptions (the vining genus Mutisia). Even within these tribes and the genera that compose them, there is much diversification in degree and kind of woodiness: Stenopadus has wood of extremely high density (Carlquist 1957) . The tribe Madieae has proved a microcosm in which degree and kind of woodiness has shifted in recent time and over short phylogenetic distances (Carlquist et al. 2003) . Some of these shifts are illustrated here (figs. 6, 13).
Trajectories. The Caprifoliaceae/Adoxaceae clade of campanulids (figs. 4, 10, 11, 15) has been highlighted here precisely because their range of forms is distinctive. In the ViburnumAdoxaceae branch, one can find varying degrees of woodiness, including what is regarded as true herbaceousness in Adoxa and Tetradoxa (and a range from near herbaceous to arborescent within the genus Sambucus). Among the core Caprifoliaceae, Linnaea is an "herb" (Jepson [1925] 1970), but Lonicera and Symphoricarpos represent a range from minimally woody underground shrubs ( fig. 10H ) to cane shrubs (the most common habit in the clade) to lianas (Lonicera). The feature of interest here is that shifts in degrees and kinds of woodiness are often exemplified within genera rather than defining genera.
The inferences in the above are that there is no one kind of secondary woodiness or progression to other types and degrees of woodiness. Each instance (usually a genus) must be studied independently (Carlquist 2009 ).
Overlay Effects
There is no single type of juvenilism-or adulthood-in woods because there are multiple factors that affect woodiness. Differences in the upward or downward trends in age-onlength curves proved to be a key to uncovering the phenomenon of protracted juvenilism in wood (Carlquist 1962) and in discovering the extent of its occurrence in angiosperms (Carlquist 2009 ). This essay attempts to go beyond these findings by way of seeing what variety there is in age-on-length curves, what diversity there is in other data sets, and what the likely explanations are for the observed diversity. Bailey and Tupper (1918) presented tables on lengths of tracheary elements and some length-on-age curves for individual species, such as Carya ovata and Liriodendron tuilipifera ( fig. 1) , without offering explanations. They use the conservative term "reconnaissance" for their investigation. They lacked a reliable natural system to compare with their data. Today we have phylogenetic trees with high degrees of probability (Soltis et al. 2011 ), so we can interpret the curves for the two species in figure 1 with respect to each other: why are the curves for C. ovata lower than those for L. tulipifera? Why are there differences in levels among the species plotted in figures 2-6?
Rethinking wood anatomy in terms of physiology. Liriodendron has scalariform perforation plates with few bars, an ideal compromise between minimization of obstruction of the conductive stream and conductive safety (the perforation plates aid in localization of air embolisms and therefore confine conductive interruption of smaller patches; Sperry 1986). Although we have no physiological measurements for these two particular species, Liriodendron wood follows the high resistivity/high safety/moderate conductive efficiency model described by Vogt (2001) for Sorbus. Carya, on the other hand, seems to follow the low resistivity/low safety/high conductivity mode represented by Sambucus, which experiences vessel embolisms daily and is able to refill them overnight (Vogt 2001) . Sorbus has tracheids (a safety feature, confining embolisms to a single cell), whereas Sambucus has libriform fibers. The progression from the high safety to the high conductivity mode during angiosperm evolution may in no small part be related to the action of axial parenchyma, which seems to play a key role in embolism repair (Holbrook et al. 2002) .
Lowering of length-on-age curves. For species with simple perforation plates, shortening of vessel elements may provide some increase in safety, since bubbles tend to end at the rims of perforation plates, especially if they represent prominent constrictions in the vessel (Slatyer 1967 (Carlquist 1966) . Recovery from freezing appears to be aided by shorter vessel element length. Shorter vessel elements are also associated with storied wood structure (Bailey 1923; Carlquist 1966 Carlquist , 2012 . Thus, adaptation to drought or freezing and development of storying are factors that influence the level of a length-on-age curve. This is true in the curves for basal angiosperms ( fig. 2) as well as in the curves for Araliales ( fig. 3), Caprifoliaceae (fig. 4) , lobelioids ( fig. 5) , and Hawaiian Madiinae (fig. 6) . All of the Hawaiian Madiinae show storying, so differences among the curves cannot be attributed to that factor, but it might be a factor where length-on-age curves are compared for both nonstoried and storied species that are related. Thus, an "overlay" phenomenon is present, in which the levels of curves can be influenced by the degree to which other characters may influence the length of tracheary elements.
Habit and mechanical strength issues. All of the species of Caprifoliaceae in figure 4 are woody but to quite different degrees. This may account for the different shapes of the curves in figure 4. The curve for Viburnum opulus is close to being a "woody" curve. The curve for Abelia grandiflora, although a descending curve, may represent a typical situation for a cane shrub. Symphoricarpos mollis, an underground cane shrub, exemplifies minimal mechanical strength. Lonicera hildebrandtiana has a length-on-age curve similar to that of Kadsura scandens and may represent a lianoid norm. The point here is that length-on-age curves may be keys to understanding of different habit types and different degrees of woodiness, but as yet, our interpretations of these curves is only tentative. We need more such curves for genera in which diversification of habit has occurred as well as diversification in adaptation to degrees of xeromorphy. In lobelioids and in the Hawaiian Asteraceae, the length-on-age curves correspond well to what we know about habit and habitat, but the sampling is too small for sweeping conclusions; each species may have its own story.
Other measures, other stories. Length-on-age curves, in turn, are not sufficient for a complete understanding of how physiology and wood anatomy are interrelated. In each of the groups represented in figures 2-6, species differ markedly from each other with respect to vessel diameter, vessel density, degree of growth ring formation, and degree of vessel grouping. All of these factors impinge on degree of woodiness as well as kind of woodiness.
Character Independence
Vessel strategies. If we look at vessel element length as evidence in length-on-age curves and compare them with information on ray cell shape (as seen in radial sections), we see a disconnect between the two characters, with two modally different patterns. (1) Fusiform cambial initials (using vessel element length as a proxy) and ray initials both are subdivided and become shorter as secondary growth proceeds. This condition is found in trees, woody shrubs, and lianas. (2) Fusiform cambial initials decrease in length, while ray initials are not subdivided horizontally. This condition is found in herbaceous and secondarily woody angiosperms.
Why the two patterns? First, we must understand that while vessel element length is a good proxy for fusiform cambial initial length, it is less indicative of imperforate tracheary element length because of intrusiveness of fiber-like cells as they mature.
The tree wood pattern. Wood of typical trees, with which wood anatomists are familiar, is more adapted to radial conduction of photosynthates in ray cells. On the other hand, axially longer fibrous cells are valuable for mechanical reasons. After derivation from fusiform cambial initials, imperforate tracheary elements can undergo elongation, reaching as much as four times the length of the fusiform cambial initials from which they were derived (Bailey and Tupper 1918) . However, beginning with longer fusiform cambial initials also contributes to production of longer cells in the axial xylem. Differentiation in length between vessel elements and imperforate tracheary elements within a given wood may become a valuable strategy for separating mechanical strength from conductive characteristics. Intrusiveness during maturation of the imperforate tracheary elements may permit another type of character independence between the two cell types derived from fusiform cambial initials. Storied fibers, incidentally, show much less intrusiveness during maturation than nonstoried fibers (Bailey 1923; Carlquist 1966) , suggesting a possible selective reason for persistence of nonstoried woods in world floras.
Wood of herbs and of secondarily woody plants. In these groups of plants, we see minimization of radial photosynthate conduction, based on the proportion of radially elongate ray cells. Vertical conduction of photosynthates (performed by upright ray cells as well as by axial parenchyma) evidently outweighs radial conduction. Meanwhile, longer fibers in wood become less common. Thus, there is synchrony in lowered axial dimensions of ray initials and fusiform cambial initials.
Raylessness. Raylessness has been alleged to represent minimal selection for radial photosynthate conduction in wood (Carlquist 1975 (Carlquist , 2012 . Upright ray cells become the same length as libriform fibers, and the differences between the two types (blunt tips in ray cells versus pointed tips in libriform fibers) disappear. This is a net gain in mechanical strength but for a finite period of the plant's life. For example, Aeonium arboreum Webb & Berth., a commonly cultivated rosette succulent, has stems that reach 1 m in height. They have rayless wood with thick-walled fibers. Once optimal height has been reached, a stem can continue growth only by falling over and producing adventitious roots. This demonstrates that a limitation of the rayless condition has been countered not by eventual development of rays but by a new method of vegetative reproduction. In other genera, secondary xylem lacks rays at first, but rays eventually are initiated (e.g., Artemisia).
Significance of character independence. Many other examples of character independence in woods can be cited. For example, axial parenchyma types are not linked to ray types. This permitted Kribs (1935 Kribs ( , 1937 to analyze evolution in the two tissue types separately. Abundance of axial parenchyma in some succulent forms, such as globular cereoid cacti, may be abundant in first-formed secondary xylem and persist if secondary xylem is limited. In species of arborescent cereoid cacti (e.g., Carnegiea, Cereus), the shift to more abundant wood production may feature conversion of axial xylem to vessels plus fibers plus limited axial parenchyma (Mauseth 2006) . Ray histology is not linked to change in axial parenchyma production in this example. The value in independence CARLQUIST-MORE WOODINESS/LESS WOODINESS 989 of characters in wood anatomy is that amount as well as kind of secondary xylem can be readily altered (via changes in ontogeny) into patterns that suit occupancy of more kinds of habitats.
Directionality in Change of Woodiness
Ultimately, the best evidence for directionality in changes in amount and kind of wood produced by a clade will come from genomics. Meanwhile, there are a number of other lines of evidence of varied potential validity. Comparative anatomy in a phylogenetic context can offer compelling circumstantial evidence. Extinctions can expunge evidence, unfortunately. We need to know, however, when during the course of evolution particular genes and gene combinations may have been incorporated into a plant. The example of a mutant Arabidopsis in which two genes controlling flowering have been knocked out, leading to production of a woodier growth form, has been offered as an example (Melzer et al. 2008) . Unfortunately, in this example, the wide, almost monstrous stem of this mutant is not one likely to have survived in a natural setting, so the usefulness of this example is limited.
Evidence from molecular phylogenies. The value of molecular phylogenies in discerning change in degree of woodiness is considerable, but it depends on various factors as noted earlier. Even at best, the results may be, as suggested by Lens et al. (2012) , "fuzzy," as a result of numerous autapomorphies and parallelisms or even availability of study material.
Circumstantial evidence. All of the woody genera of lobelioids from Polynesia are products of single introductions ). The genera and species within them differ in degree of woodiness. How woody was the original immigrant to Polynesia? How woody was the ancestor of the Hawaiian genera? There is no real way of knowing, except perhaps in terms of the range of woodiness present today in the Hawaiian lobelioids. Circumstances favor a moderate amount of woodiness, because the woodiest species of Clermontia and Cyanea are not early-departing branches in the clade presented by Antonielli et al. (2009) . Still, all of the Lobelia species in which the Polynesian genera are nested have some degree of woodiness. Some polytomies in the clade of the Hawaiian genera limit our interpretation at present and may show how lack of resolution is a limiting factor. That same clade shows that the minimally woody genera of lobelioids Downingia, Hippobroma, and Isotoma are nested within the genus Lobelia and within a portion of the genus in which all species have some degree of secondary xylem production. Downingia is a clearly herbaceous plant, an ephemeral inhabitant of vernal pool margins (Jepson [1925] 1970) in both California and Chile. Does Downingia represent secondary herbaceousness? Almost certainly. This instance emphasizes the difficulty of tracing increases and decreases in woodiness. Within any branching of a phylogenetic tree, woodiness can increase or decrease, but extinction expunges evidence of such occurrences, and we are left with extant groups that may present a confusing character state pattern, as in the Caryophyllales (Carlquist 2010) .
The Hawaiian Madiinae (tribe Madieae of Asteraceae) are more easily interpreted: they are all woody, whereas the Madiinae on the American mainland are annuals or subshrubs without much wood accumulation. However, even here, the subshrubs do have the capability to produce secondary xylem, and the difference between some secondary xylem and more secondary xylem can be argued as an unimportant one. The Hawaiian climate is sufficiently moderate in both temperature and moisture availability that increased woodiness is almost inevitable over geological time (Baldwin 2003 Geology. The geological recentness of the Hawaiian Islands permits us to estimate the timing of arrival of the Madiinae in Hawaii and its increases in woodiness to some extentbut the degree is limited. Timing of geological events, now possible to reconstruct with increased precision, will be of use in particular cases in estimating directionality of wood evolution. Not long ago, Bramwell and Bramwell (1974, p. 10) claimed that the Canarian flora is an "ancient survivor of a bygone age" and, along with other authors, argued that woodiness on the Canary Islands is relictual, not secondary. While some woody Canarian species (e.g., the laurels) were widespread in earlier times, genera such as Echium and Sonchus represent autochthonous secondary woodiness on the Atlantic islands (Carlquist 1974; Bö hle et al. 1996) . Geological dating and molecular phylogenies for various genera on these islands have reinforced this interpretation, which is no longer contested (Bö hle et al. 1996; Francisco-Ortega et al. 1996) . The Hawaiian flora (Baldwin 2003) offers even more dramatic examples.
Phenotypic modifications and few-gene mutants. Two species of commercial importance-the beet (Beta vulgaris L.) and the cabbage (Brassica oleracea L.)-are considered basically biennial or perennial by Bailey (1949) . This will surprise some, who think of these plants as annuals. Indeed, they often flower the first year; whether they overwinter or oversummer and send up shoots a second year may depend on local conditions (and conditions under cultivation). Cultivars within these two species differ in plant longevity and capability to flower more than 1 or 2 yr. Cultivars of Eschscholzia californica Cham., the California poppy, are annuals that have probably originated within historical time; Jepson ([1925 Jepson ([ ] 1970 ) regarded this species as "a perennial, often flowering the first year." Examples such as these show how thin the line often is between woody and nonwoody or between annual, biennial, and perennial; some should be regarded as "facultative" annuals or perennials. Paradoxically, these are the species that deserve the most study, because they are more likely to show us the genesis of increased and decreased woodiness than are the more famous examples of further-progressed secondary woodiness, such as the tree Asteraceae and lobelioids of Hawaii.
